We previously reported the cloning of the PAY5 gene of the yeast Yarrowia lipolytica by complementation of the peroxisome assembly mutant pay5-1 (Eitzen, G. A., Titorenko, V. I., Smith, J. J., Veenhuis, M., Szilard, R. K., and Rachubinski, R. A. (1996) J. Biol. Chem. 271, 20300 -20306). The peroxisomal integral membrane protein Pay5p is a homologue of mammalian PAF-1 proteins, which are essential for peroxisome assembly and whose mutation in humans results in peroxisome biogenesis disorders. Mutations in the PAY5 gene result in the accumulation of three distinct peroxisomal subpopulations. These subpopulations are characterized by differences in 1) buoyant density, 2) the relative distribution of peroxisomal matrix and membrane proteins, 3) the efficiency of import of several peroxisomal matrix proteins, and 4) the phospholipid levels of peroxisomal membranes. These data, together with the analysis of temporal changes in the relative abundance of individual peroxisomal subpopulations in pay5 mutants, suggest that these subpopulations represent intermediates in a multistep peroxisome assembly pathway normally operating in yeast cells.
Peroxisomes and the related glyoxysomes of plants and glycosomes of trypanosomes belong to the microbody family of organelles (1) . Significant progress has been made recently toward the elucidation of the diverse biochemical reactions performed by peroxisomes (2) as well as toward the identification and characterization of peroxisomal targeting signals (PTS) 1 and components of the targeting and translocation machineries for peroxisomal proteins (3) . The importance of peroxisomes for normal human development and physiology is demonstrated by the lethality of various peroxisome biogenesis disorders: Zellweger syndrome, neonatal adrenoleukodystrophy, infantile Refsum disease, and rhizomelic chondrodysplasia punctata (4) .
Numerous morphological and biochemical observations have suggested a structural and functional heterogeneity among peroxisomes (1, (5) (6) (7) (8) (9) (10) . However, neither genetic approaches nor in vitro reconstitution systems, which have proven so useful in identifying and characterizing PTSs and components of the peroxisomal protein targeting and import machineries (3) , have yet been applied to the study of this phenomenon. It remains unclear 1) how compartmental organization, namely the accumulation of distinct peroxisomal subpopulations, can occur; 2) how important is the structural and functional heterogeneity of peroxisomes for peroxisome assembly; 3) how changes in either compartmentalization or heterogeneity can affect peroxisome biogenesis; and 4) what proteins are essential for the accumulation of distinct peroxisomal subpopulations and what roles these proteins might play in this process.
Here we show that mutations in the PAY5 gene encoding the peroxisomal integral membrane protein Pay5p of the yeast Yarrowia lipolytica cause the accumulation of three distinct peroxisomal subpopulations. Analysis of the components of the different peroxisomal subpopulations and determination of the kinetics of their accumulation in pay5 mutants suggest that these subpopulations represent intermediates in the peroxisome assembly pathway normally operating in yeast cells.
MATERIALS AND METHODS

Strains and Microbial
Techniques-The Y. lipolytica strains used in this study were the wild-type E122 (MATA, , the original mutant pay5-1 (MATA, , and the disruption mutant P5KO-8A (MATA, pay5 ::LEU2) (11) . Cloning, sequencing and integrative disruption of the PAY5 gene were performed as described previously (11) . Media and growth conditions for Y. lipolytica have been described (12, 13) .
Organelle Isolation and Subfractionation-Fractionation of oleic acid-grown Y. lipolytica cells into an organellar pellet (20KgP) enriched for peroxisomes and mitochondria and a supernatant (20KgS) enriched for cytosol, and peroxisome purification from the 20KgP, were performed as described (13) .
The complex formed by peroxisomes, endoplasmic reticulum (ER), and Golgi in pay5-1 and P5KO-8A cells was recovered from the 20KgP by isopycnic centrifugation on a discontinuous sucrose (25, 35, 42 , and 53%, w/w) gradient in a Beckman VTi50 rotor at 84,500 ϫ g av for 1 h at 4°C. The fraction equilibrating at a density of 1.141 g/cm 3 and containing the peak activities for marker enzymes of peroxisomes, ER, and Golgi was subjected to centrifugation at 245,000 ϫ g max at 4°C for 20 min in a Beckman TLA 100.2 rotor. The resultant pellet was resuspended in 50 mM MES, pH 5.5, containing 1 M sorbitol (in experiments on disassembly of the complex, EDTA was also added to 5, 10, 25, or 50 mM) and incubated on ice for 15 min. The samples were subjected to centrifugation on 1) linear 16 -56% (w/w) sucrose gradients in 50 mM MES (pH 5.5), with or without 5, 10, 25, or 50 mM EDTA, at 84,500 ϫ g av for 1 h at 4°C in a Beckman VTi50 rotor or at 197,000 ϫ g av for 16 h at 4°C in a Beckman SW41Ti rotor and on 2) discontinuous Nycodenz (17, 28, 35 , and 50%, w/v) gradients in 50 mM MES (pH 5.5) containing 1 M sorbitol, with or without 5, 10, 25, or 50 mM EDTA, at 84,500 ϫ g av for 1 h at 4°C in a Beckman VTi50 rotor. Gradients were fractionated from the bottoms of tubes. 18 fractions of either 2 ml (VTi50 rotor) or 0.72 ml (SW41Ti rotor) were collected. Fractions were assayed for protein concentration and tested for marker proteins of peroxisomes, ER, and Golgi.
The complex formed by peroxisomes, ER, and Golgi in pay5-1 and FIG. 1. Peroxisomes of pay5 mutants are isolated as free and as ER-and Golgi-associated forms. Wild-type E122, pay5-1, and P5KO-8A strains were grown for 10 h in YEPD (1% yeast extract, 2% peptone, 2% glucose), transferred to YPBO (0.3% yeast extract, 0.5% peptone, 0.5% K 2 HPO 4 , 0.5% KH 2 PO 4 , 1.0% Brij 35, 1.0% (w/v) oleic acid), and grown for an additional 9 h. The 20KgPs of the wild-type and mutant strains were fractionated by isopycnic centrifugation in a discontinuous sucrose gradient. For each strain, 4.8 mg of protein was loaded onto the gradient. A, P5KO-8A cells was also recovered by flotation on a two-step sucrose gradient modified from the procedure of Ref. 13 . The fraction equilibrating at a density of 1.141 g/cm 3 and containing the peak activities for marker enzymes of peroxisomes, ER and Golgi was recovered after isopycnic centrifugation of the 20KgP on a discontinuous sucrose gradient, as described above. A 400-l aliquot of this peak fraction was transferred to an ultracentrifuge tube and overlaid with 2.3 ml of 56% (w/w) sucrose and 2.3 ml of 16% (w/w) sucrose. Centrifugation was in a Beckman SW50.1 rotor at 200,000 ϫ g av for 18 h at 4°C. The gradient was fractionated from the bottom of the tube, and 18 fractions of approximately 250 l each were collected. Fractions were assayed as described above.
Free forms of ER and Golgi not associated with peroxisomes were recovered from the 20KgP by isopycnic centrifugation on a discontinuous sucrose gradient (25, 35, 42 , and 53%, w/w) in a Beckman VTi50 rotor at 84,000 ϫ g av for 1 h at 4°C. Fractions equilibrating at densities of 1.170 g/cm 3 and 1.100 g/cm 3 and containing the peak activities for marker enzymes of the ER and Golgi, respectively, were further fractionated as described above. Fractions of a linear 16 -56% (w/w) sucrose gradient equilibrating at densities of 1.169 g/cm 3 and 1.116 g/cm 3 contained the peak activities for marker enzymes of the ER and Golgi, respectively, and were essentially free of contamination (3-4%) by other organelles.
Peroxisome subfractionation and extraction (13) and protease protection analysis of purified peroxisomes (14) were performed as described previously.
Analytical Procedures-Enzymatic activities of catalase, 3-hydroxyacyl-CoA dehydrogenase, and cytochrome c oxidase (13); NADPH:cytochrome c reductase, ␣-mannosidase, and vanadate-sensitive plasma membrane ATPase (15); glucose-6-phosphatase (16), guanosine diphosphatase (17) ; and alkaline phosphatase (18) were determined by established methods. Inorganic phosphate liberated in assays for the activities of glucose-6-phosphatase, guanosine diphosphatase, and vanadate-sensitive plasma membrane ATPase was measured according to Ref. 19 . SDS-polyacrylamide gel electrophoresis (20) and immunoblotting using a semidry electrophoretic transfer system (Model ET-20, Tyler Research Instruments, Edmonton, Canada (21)) were performed as described. Antigen-antibody complexes were detected by enhanced chemiluminescence (Amersham Life Sciences, Oakville, ON). Quantitation of immunoblots was performed as described (13) . Protein concentration was determined with a protein assay kit (Bio-Rad Laboratories, Mississauga, Canada), using bovine serum albumin as standard. Protein quantitation in organellar subfractions was also performed by the method of Ref. 22 . Phospholipids were extracted (23) from sodium carbonate-stripped organellar membranes and quantitated by assaying for inorganic phosphate (24) .
RESULTS
Some Peroxisomes in pay5 Mutants
Are Associated with Elements of the ER and Golgi-Peroxisomes were isolated from the 20KgPs of the wild-type and pay5 mutant strains by isopycnic centrifugation on a discontinuous sucrose gradient. In the wild-type strain, all peroxisomal proteins analyzed were found primarily in fractions 1-6, peaking at a density of 1.208 g/cm 3 (fraction 4, see Fig. 1, A and B) . Since all seven peroxisomal proteins tested colocalized to and peaked in fraction 4, and since there were essentially no NADPH:cytochrome c reductase or glucose-6-phosphatase (ER); guanosine diphosphatase (Golgi); cytochrome c oxidase (mitochondria); alkaline phosphatase or ␣-mannosidase (vacuole); or vanadate-sensitive ATPase (plasma membrane) marker enzyme activities in this fraction ( Fig. 1C ; data for glucose-6-phosphatase and ␣-mannosidase not shown), peroxisomes free of contamination by other organelles were purified in fraction 4 from the wild-type strain.
A similar analysis of the pay5-1 and P5KO-8A mutants (Fig.  1, A and B) showed two peaks of peroxisomal protein markers at densities of 1.232 g/cm 3 (fraction 3) and 1.141 g/cm 3 (fraction 12). Most peroxisomal proteins peaked in fraction 12. Peroxisomes in fraction 3 were free in form, since no marker enzyme activity for any organelle other than the peroxisome was found in this fraction. In contrast, the distribution of peroxisomal proteins around the peak fraction 12 coincided with the distribution of enzyme activity of the ER markers NADPH:cytochrome c reductase and glucose-6-phosphatase and of the Golgi marker guanosine diphosphatase ( Fig. 1C ; data for glucose-6-phosphatase not shown). However, the distribution of peroxisomal proteins around fraction 12 did not coincide with the distribution of enzyme activity of the mitochondrial marker cytochrome c oxidase, of the vacuolar markers alkaline phosphatase and ␣-mannosidase or of the plasma membrane marker vanadate-sensitive ATPase. Therefore, the peroxisomes in fraction 12 were essentially free from contamination by these organelles ( Fig. 1C ; data for ␣-mannosidase not shown). These results show that in pay5 mutants there are at least two populations of peroxisomes, a minor one free from contact with other organelles and a major one that cofractionates with elements of the ER and Golgi. It is important to note that not all of the activity of a particular ER and Golgi marker enzyme cofractionated with peroxisomal proteins in fraction 12 of pay5 mutants (Fig. 1C) . Further fractionation showed that up to 38% of the activities of ER marker enzymes and up to 14% of the Golgi marker enzyme guanosine diphosphatase were isolated free of peroxisomal proteins (data not shown).
Peroxisomes Can Be Dissociated from Their Complex with ER and Golgi Elements-We developed in vitro conditions for the disassembly of the complex of peroxisomes, ER, and Golgi in
pay5 mutants to analyze the individual components of the complex. Material of fraction 12 isolated from the pay5 and P5KO-8A strains ( Fig. 1, A , B, and C) was recovered and fractionated a second time by centrifugation on a linear (16 -56%, w/w) sucrose gradient. Under these conditions, the peroxisomal proteins again cofractionated with ER and Golgi marker enzymes and were recovered as a single protein peak of density 1.145 g/cm 3 ( Fig. 2, A and B) . Treatment of the recovered complex with 50 mM EDTA, followed by centrifugation on a linear (16 -56%, w/w) sucrose gradient containing 50 mM MES (pH 5.5), 50 mM EDTA at 197,000 ϫ g av for 16 h, separated the complex into four components (Fig. 2, A . While all peroxisomal proteins tested were found in P1, isocitrate lyase and catalase were missing in P3 (Fig. 2, A and B). The activities of the ER markers NADPH:cytochrome c reductase ( Fig. 2A ) and glucose-6-phosphatase (data not shown) peaked in fraction 13 at a density of 1.106 g/cm 3 . The Golgi marker guanosine diphosphatase peaked in fraction 16 at a density of 1.071 g/cm 3 ( Fig. 2A) . Disassembly of the complex at various EDTA concentrations showed that while the peroxisomal subpopulation P3 could be sucrose density (g/cm 3 ) and percentage of recovery of loaded protein and of catalase (CAT) activity in gradient fractions of the wild-type (å--å), pay5-1 (f--f) and P5KO-8A (Ⅺ--Ⅺ) strains. B, equal volumes of gradient fractions were analyzed by immunoblotting with anti-isocitrate lyase (ICL), anti-thiolase (THI), anti-acyl-CoA oxidase (AOX), anti-malate synthase (MLS), anti-Pay32p (Pay32p) and anti-SKL (SKL) antibodies. C, percentage recovery of malate synthase (MLS), NADPH:cytochrome c reductase (CCR), guanosine diphosphatase (GDP), cytochrome c oxidase (CCO), alkaline phosphatase (ALP) and vanadate-sensitive ATPase (ATP) in gradient fractions of the wild-type (å--å), pay5-1 (f--f), and P5KO-8A (Ⅺ--Ⅺ) strains. For malate synthase, the immunoblot in B was quantitated densitometrically. Vertical lines in A and C indicate the fractions in which peroxisomes of the wild-type strain (fraction 4), as well as the free (fraction 3) and ER-and Golgi-associated (fraction 12) forms of peroxisomes of pay5 mutants showed peak activity. In A and C, data from the wild-type strain are reported in the dotted lines, while data from the mutant strains are reported in the solid lines.
separated from the complex with 10 mM EDTA, the release of P1 was achieved only after treatment with 50 mM EDTA (Fig.  2, A, B, and D) . These data suggest that 1) the P1 and P3 peroxisomal subpopulations do not interact with one another and 2) the type of interaction with ER and Golgi elements can be different for the P1 and P3 peroxisomal subpopulations. While more than 80% of Golgi elements could be released from the complex by treatment with 10 mM EDTA and were therefore preferentially associated with P3, ER elements were associated equally with both peroxisomal subpopulations (see Fig.  2E ).
The ER and Golgi elements associated with the peroxisomal subpopulations P1 and P3 of the P5KO-8A mutant could be distinguished from the free forms of ER and Golgi isolated from both the wild-type and P5KO-8A mutant strains by density, protein patterns, specific activities of marker enzymes, and phospholipid:protein ratios as follows. The densities were 1.169 g/cm 3 and 1.106 g/cm 3 for free and peroxisome-associated forms of ER, and 1.116 g/cm 3 and 1.071 g/cm 3 for free and peroxisome-associated forms of Golgi, respectively (data not shown). Some polypeptides were found only in ER and Golgi elements recovered from the complex with peroxisomes but not in free forms of ER or Golgi (see protein bands marked by asterisks and arrowhead, respectively, in Fig. 2C ). Specific activities of marker enzymes were also used. For example, the activity of NADPH:cytochrome c reductase of ER elements recovered from the complex (351.8 Ϯ 46.2 milliunits/mg protein) was significantly (0.99 confidence, Student's t test; data from three independent experiments) lower than that of free forms of ER isolated from the wild-type (588.7 Ϯ 46.7 milliunits/mg protein) or P5KO-8A (605.6 Ϯ 55.2 milliunits/mg protein) strains. Differences in phospholipid:protein ratios are discussed below.
Mutations in the PAY5 Gene Differentially Affect the Targeting, but Not the Translocation, of Individual Matrix Proteins to the Various Peroxisomal Subpopulations-
The quantitation of the relative abundance of different peroxisomal forms showed that in cells grown for 9 h in YPBO medium, peroxisomes of the wild-type strain and the P1, P2, and P3 peroxisomal subpopulations of the P5KO-8A mutant constituted 28.5 Ϯ 2.8%, 13.5 Ϯ 1.3%, 4.6 Ϯ 0.5%, and 4.1 Ϯ 0.4%, respectively, of the 20KgPs of these strains, based on total protein (Fig. 3) . The total complement of peroxisomes in P5KO-8A cells (22.1 Ϯ 1.4%, calculated as the sum of P1, P2, and P3) was comparable with that of wild-type cells (Fig. 3) .
There were temporal changes in the relative abundance of individual peroxisomal subpopulations in P5KO-8A cells grown in YPBO medium. In cells grown for 3 h, the P3 subpopulation was the predominant peroxisomal form, while the free form of peroxisomes (P2) was undetectable (Fig. 3) . After 6 h, there were approximately equal amounts of the ER-and Golgi-associated forms P1 and P3, which were both more prevalent than P2. After 9 h, the P1 form was predominant, while the P2 and P3 forms were almost equally abundant (Fig. 3) .
While no significant differences in the spectra of the most abundant peroxisomal matrix and membrane (peripheral and integral) proteins were observed between peroxisomes from the wild-type strain and the peroxisomal subpopulations from the P5KO-8A mutant (Fig. 4A) , the relative distributions of proteins between these two compartments (calculated as a percentage of total peroxisomal protein) were different for the different forms of peroxisomes. In peroxisomes from the wildtype strain, 81.6 Ϯ 5.5% of total peroxisomal protein was in the S Ti8 enriched for matrix proteins (Fig. 4B, S Ti8 , solid bar) . In contrast, peroxisomal matrix proteins composed 52.4 Ϯ 6.8%, 46.6 Ϯ 5.4%, and 21.5 Ϯ 2.7% of total peroxisomal protein in the P1, P2, and P3 subpopulations, respectively, from the P5KO-8A mutant (Fig. 4B, S Ti8 , open bars) . The quantities of peripheral (S CO3 ) and integral (P CO3 ) membrane proteins relative to the total protein of peroxisomes isolated from wild-type cells were significantly lower than in the peroxisomal subpopulations P1, P2, and, especially, P3 (Fig. 4, A and B) .
To estimate the efficiency of protein import into peroxisomes, we compared the levels of several peroxisomal matrix proteins in equal quantities of protein from highly purified peroxisomes of the wild-type strain and from the isolated peroxisomal subpopulations P1, P2, and P3 of the P5KO-8A mutant. There are no significant differences in the steady state levels of peroxisomal proteins between wild-type and pay5 mutant strains (11) . Individual peroxisomal matrix proteins were imported with varying efficiencies into the different forms of peroxisomes. While the import of malate synthase, acyl-CoA oxidase, a 62-kDa anti-SKL-reactive protein, thiolase, and Pay32p into P1 and P2 was 40 -60% of the level of import into peroxisomes of the wild-type strain, the import of isocitrate lyase and catalase into P1 and P3 was only 3-7% of the level of import into wild-type peroxisomes ( Fig. 5 ; data for the 62-kDa anti-SKLreactive protein and Pay32p not shown). Import of malate synthase, acyl-CoA oxidase, the 62-kDa anti-SKL-reactive protein, thiolase, and Pay32p into P3 was significantly affected, with levels not more than 20% that of import into wild-type peroxisomes; isocitrate lyase and catalase were not imported at all into P3 ( Fig. 5 ; data for the 62-kDa anti-SKL-reactive polypeptide and Pay32p not shown).
As in wild-type peroxisomes, individual peroxisomal matrix proteins were also found in the matrix compartment of the P1, P2, and P3 subpopulations. Subfractionation of different peroxisomal forms showed that all peroxisomal matrix proteins tested were found exclusively in the supernatant isolated from peroxisomes lysed with Ti8 buffer and enriched for peroxisomal matrix proteins (Fig. 6A , S Ti8 lanes for acyl-CoA oxidase and thiolase; data for other proteins tested are not shown). Moreover, protease protection experiments showed that all peroxisomal matrix proteins tested were resistant to protease digestion in the absence of detergent but were completely digested when the peroxisomal membrane was disrupted with Triton X-100 (Fig. 6B for acyl-CoA oxidase and thiolase; data for other proteins tested not shown). Therefore, all peroxisomal matrix proteins tested that were imported into P1, P2, and P3 were 
FIG. 4.
The spectra and relative distributions of peroxisomal matrix and membrane proteins in wild-type peroxisomes and in the peroxisomal subpopulations of the P5KO-8A mutant. Purified peroxisomes or peroxisomal subfractions (50 g of protein) were lysed with Ti8 buffer and subjected to centrifugation to yield a 245,000 ϫ g max supernatant (S Ti8 ) and pellet (P Ti8 ). S CO3 and P CO3 correspond to the 245,000 ϫ g max supernatant and pellet, respectively, recovered after treatment of the P Ti8 with 0.1 M Na 2 CO 3 (pH 11). A, Coomassie Bluestained SDS-polyacrylamide gel of whole peroxisomes (PER, 50 g of protein) and peroxisome subfractions (S Ti8 , S CO3 , and P CO3 ) of peroxisomes from the wild-type strain (WT) and of peroxisomal subpopulations P1, P2, and P3 from the P5KO-8A strain. The numbers at the left indicate the migrations of molecular mass standards (in kDa). B, peroxisomes isolated from the wild-type strain (WT, solid bar) and the three peroxisomal subpopulations isolated from the P5KO-8A strain (P1, P2, and P3, open bars) were subjected to subfractionation, and the percentage of total protein recovered in each subfraction was measured. The values reported are the means Ϯ S.D. from three independent experiments. translocated completely into the matrix of the individual subpopulations.
Mutations in the PAY5 Gene Affect the Phospholipid Levels of Peroxisomal Membranes-The phospholipid:protein ratios of sodium carbonate-stripped membranes from the P1, P2, and P3 peroxisomal subpopulations were 2-5-fold lower than that of membranes from wild-type peroxisomes (Table I) . These differences are significant at the 0.99 confidence level (Student's t test; data from three independent experiments).
The phospholipid:protein ratios of sodium carbonatestripped ER and Golgi membranes recovered from the complex with peroxisomes of the P5KO-8A mutant were greater (0.95 confidence level, Student's t test, data from three independent experiments) than those of identically treated ER and Golgi membranes isolated from either the wild-type strain or purified as free forms from the P5KO-8A mutant (Table II) . DISCUSSION 
Peroxisomal Subpopulations in pay5 Mutants May Represent
Intermediates in the Peroxisome Assembly Pathway-Morphological and biochemical studies of mammalian and yeast cells have shown a structural and functional heterogeneity among peroxisomes (1, (5) (6) (7) (8) (9) (10) . However, these observations do not clarify the importance of this heterogeneity for peroxisome biogenesis, identify what proteins are essential for the accumulation of distinct peroxisomal subpopulations, or elucidate how defects in these proteins would affect peroxisome biogenesis. This study shows that mutations in the PAY5 gene encoding the peroxisomal integral membrane protein Pay5p lead to the accumulation of three distinct peroxisomal subpopulations and, at the same time, prevent the formation of mature, functional peroxisomes. These peroxisomal subpopulations can be distinguished from each other by 1) differences in their buoyant densities, 2) their relative distributions of matrix and membrane (peripheral and integral) proteins, 3) the efficiency of import of several matrix proteins, and 4) the phospholipid levels of their membranes. These data, together with the analysis of temporal changes in the relative abundance of individual peroxisomal subpopulations in pay5 mutants, suggest that these subpopulations represent intermediates in the peroxisome assembly pathway normally operating in yeast cells. Several distinct steps in this pathway can be suggested by our data.
In the first step, growth and maturation of the peroxisomal membrane occur. This step may include transfer of the bulk of phospholipids (which can be provided by specific subcompartments of ER and Golgi; see below) to the peroxisomal membrane, as well as the posttranslational insertion of the most abundant peroxisomal membrane proteins. Peroxisomes arrested at this step of assembly (P3 subpopulation) in pay5 mutants are characterized by the lowest ratios of phospholipid to membrane protein and matrix protein to total peroxisomal protein. Moreover, at least two peroxisomal matrix proteins (isocitrate lyase and catalase) are absent in the P3 subpopulation. Therefore, growth and maturation of the peroxisomal membrane precede protein import into the matrix and are required to make peroxisomes competent for the import of matrix proteins. In the second step, the transfer of phospholipids to the peroxisomal membrane continues, and the bulk of the peroxisomal matrix proteins is imported into the organelle and translocated into the matrix. Peroxisomes arrested at this second step (P1 subpopulation) retain a phospholipid:membrane protein ratio lower than that of normal peroxisomes. While most (40 -60%) matrix proteins are imported into the peroxisome, the import of at least two matrix proteins, isocitrate lyase and catalase, into the peroxisome is severely affected. Defects in the second step therefore affect the final stages in peroxisome assembly, i.e. the import of the bulk of isocitrate lyase and catalase and of the remaining amounts of the other peroxisomal matrix proteins.
Mutations in the PAY5 gene result in the accumulation not only of the peroxisome assembly pathway intermediates P1 and P3 but also of the immature (nonfunctional) final product of the pathway, the P2 subpopulation. Our data suggest that mutations in the PAY5 gene not only significantly decrease the rates of all intermediate steps in the pathway, leading to the accumulation of intermediate peroxisomal forms, but also prevent the formation of mature (functional) peroxisomes. We speculate that the most direct effect of the mutations in the PAY5 gene may be the impairment of phospholipid transfer from specialized subcompartments of ER and Golgi to the peroxisomal membrane (see below).
The identification of intermediates in the peroxisome assembly pathway demonstrates a compartmentalization of yeast peroxisomes reminiscent of the structural and functional compartmentalization of yeast and mammalian Golgi. Compartmentalization of the Golgi complex ensures the ordering in time and separation in space of distinct posttranslational modifications of glycoproteins (25, 26) . Our model suggests that one possible function for the compartmentalization of the peroxisome assembly pathway may be the timing and spatial separation of two processes: growth/maturation of the peroxisomal membrane and protein import into the peroxisomal matrix. A similar model has been proposed for peroxisome assembly in mammalian cells (6, 10) . This model is based on data from numerous morphological and biochemical studies on the heterogeneity of mammalian peroxisomes and predicts that growth and maturation of the peroxisomal membrane are early events, which are followed by import of proteins into the peroxisomal matrix. In this study we used a combined genetic and biochemical approach to demonstrate that defects in the interconversion of structurally and functionally distinct peroxisomal subpopulations due to the absence of a peroxisomal integral membrane protein, Pay5p, prevent the formation of mature peroxisomes. Therefore, the proper control of such an interconversion of distinct peroxisomal forms is essential to ensure the assembly of functional mature peroxisomes in yeast cells.
Why Might Elements of the ER and Golgi Associate with Peroxisomes in pay5
Mutants?-Our data on density gradient centrifugation showed that two peroxisomal subpopulations of pay5 mutants, P1 and P3, form a complex with specific elements of the ER and Golgi. Two explanations can be put forth for this observation.
First, the peroxisomal subpopulations P1 and P3 could aggregate nonspecifically with ER and Golgi elements during homogenization and/or subcellular fractionation of pay5 mutants, perhaps due to the altered phospholipid level of the membranes of the P1 and P3 subpopulations. However, this explanation appears unlikely. Indeed, only specific elements of ER and Golgi form a complex with the peroxisomal subpopulations P1 and P3 from pay5 mutants. These elements can be distinguished from the free (not associated with peroxisomes) forms of the ER and Golgi by differences in buoyant density, protein patterns, specific activities of marker enzymes, and protein:phospholipid ratios. Furthermore, while there are no significant differences in the spectra of the most abundant peroxisomal peripheral and integral membrane proteins, or in the phospholipid:protein ratios of membranes, between the peroxisomal subpopulations P1 and P2, only the P1 subpopulation (together with the P3 form), but not the P2 subpopulation, is found to be associated with specific ER and Golgi elements.
The second explanation is more consistent with our data. This proposes that the association of peroxisomes with ER and form or from the complex with peroxisomal subpopulations Ratios (nmol of phospholipid/mg of protein) were obtained from sodium carbonate-treated membranes of free forms of ER and Golgi isolated from the wild-type strain E122 (ER and Golgi, WT (free), respectively) and from the complex formed by peroxisomal subpopulations P1 and P3, ER and Golgi, which was purified from the P5KO-8A mutant (ER and Golgi, P5KO (complex), respectively). The values of ratios reported are the means Ϯ S.D. from three independent experiments. Comparison of the means was performed using Student's t test (t). Confidence, the confidence level of difference in the means for phospholipid:protein ratios of ER and Golgi purified from the complex from the P5KO-8A mutant versus that of free forms of ER and Golgi isolated from the wild-type strain. Fig. 4 were subjected to immunoblot analysis with anti-acyl-CoA oxidase (AOX) and anti-thiolase (THI) antibodies. B, protease protection analysis. Peroxisomes (100 g of protein) from the wild-type strain (WT) and the peroxisomal subpopulations P1, P2, and P3 from the P5KO-8A strain were incubated with 0, 4, 8, and 20 g of trypsin in the absence (Ϫ) or presence (ϩ) of 0.5% (v/v) Triton X-100 for 40 min on ice. Reactions were terminated by the addition of trichloroacetic acid to 10%. Equal fractions of the samples were subjected to immunoblot analysis with anti-AOX and anti-THI antibodies.
Golgi elements could represent an intermediate step in the normal pathway of peroxisome assembly. In wild-type cells, this step is not rate-limiting for assembly and proceeds at a rate that does not permit its detection by subcellular fractionation analysis. In contrast, mutations in the PAY5 gene affect peroxisomal functions essential for the required interactions between peroxisomes and elements of the ER and Golgi, thereby retarding the disassembly of the complex. What role might ER and Golgi play in peroxisome assembly? A comparison of sodium carbonate-treated membranes from peroxisomal subpopulations P1, P2, and P3 of the P5KO-8A mutant and from peroxisomes of the wild-type strain showed no significant differences in the spectra of the most abundant peroxisomal peripheral and integral membrane proteins. However, the phospholipid:protein ratios of membranes from the peroxisomal subpopulations P1, P2, and P3 were 1.9, 2.1, and 4.9 times smaller than that of membranes of wild-type peroxisomes. It is noteworthy that most phospholipid biosynthesis in mammalian and yeast cells occurs on ER membranes (27) . The Golgi also contains many enzymes of phospholipid biosynthesis in quantities comparable with those in the ER (28) . In contrast, yeast peroxisomes are largely devoid of lipid-synthesizing enzymes (29) . Moreover, morphological studies of mammalian and yeast cells have shown a close association between peroxisomes and ER (6, 30) . Together these data suggest that the peroxisomeassociated forms of ER and Golgi may be a source of phospholipids for the formation of the peroxisomal membrane and that the peroxisomal integral membrane protein Pay5p could perform an important role in phospholipid transfer from the donor membranes of the ER and Golgi to the acceptor peroxisomal membranes. Phospholipid transfer via membrane contact sites has already been implicated in phosphatidylserine translocation from a specialized subcompartment of the ER to mitochondria in both mammalian and yeast cells (31) (32) (33) . Whether the peroxisome-associated forms of ER and Golgi actually provide phospholipids for the forming peroxisomal membrane, and what role, if any, Pay5p plays in this process, are currently being investigated.
The results described herein provide evidence for the existence of a multistep pathway of peroxisome assembly operating in yeast cells and identify the peroxisomal integral membrane protein Pay5p as an essential component regulating the rate of interconversion of intermediate peroxisomal forms along this pathway.
